Mycoses are becoming a more common underlying cause of death in the United States (36) . This trend is reflected in the increasing frequency of nosocomial fungal bloodstream infections observed in the United States and elsewhere (3, 43, 54) . The majority of these nosocomial fungal infections (78.3%) are due to Candida species, with C. albicans being the most frequently isolated species (3, 41) .
Cell surface hydrophobicity plays an important role in the pathogenicity of microorganisms, including C. albicans. Hydrophobic C. albicans cells are more adherent than hydrophilic cells to a variety of host tissues, and the pattern of adherence is more widespread (16, 18) . Hydrophobic cells are also more resistant than hydrophilic cells to phagocytic killing (2, 22) . C. albicans is the only pathogenic fungal species observed so far to be able to regulate cell surface hydrophobicity status (15, 23) , which changes with growth phase and conditions (13, 21) .
Cell surface hydrophobicity status has been linked to the character of the cell wall architecture. The surface layer of the C. albicans cell wall contains fibril structures composed of mannoproteins (6, 42, 50, 53) . The ability of C. albicans to regulate cell surface hydrophobicity apparently corresponds to an ability to alter the conformation of the mannoprotein fibrils (19, 33) . Fibrils on the surface of hydrophobic cells are short (either truncated or folded over), aggregated, and variable. Those on the surface of hydrophilic cells are longer, evenly spaced, and radiating (19) .
Our previous studies of the C. albicans cell wall proteins indicated that the differences in fibril conformation correlate with changes in cell wall protein N-linked glycosylation, in particular the phosphodiester-linked, acid-labile ␤-1,2-oligomannoside tertiary branches (Fig. 1 ). There is no difference in the overall composition (protein, hexose, phosphate, or electrophoretic profile) of mannoprotein from hydrophobic versus hydrophilic cells (33, 34) . However, the acid-labile mannan from hydrophobic cells is composed of longer oligosaccharides than that from hydrophilic cells (34) .
These analyses were carried out primarily on a single serotype B strain, A9. However, serotype does appear to have clinical significance beyond strain identification. For example, while the prevalence of both serotypes, A and B, in the oral flora of hospitalized and nonhospitalized individuals appears to be roughly equal, serotype B strains are more commonly associated with symptomatic oral infections in immunocompromised patients (4, 5).
Suzuki's group and others have shown that serotype is defined by surface mannan composition. Specifically, serotype A cells possess additional ␤-1,2-linked mannoside epitopes in the acid-stable region ( Fig. 1) (49) . The presence of acid-stable ␤-1,2-oligomannosides also correlates with differences in serotype A and B cell surface hydrophobicity. Under conditions where serotype B strains are highly hydrophilic, serotype A strains remain moderately hydrophobic (13, 21) .
In this report, we extend our previous studies to assess the relationship between cell surface hydrophobicity and surface protein mannosylation in both serotypes of C. albicans. Mannoprotein elemental composition and acid-labile mannan electrophoretic profiles of mannoproteins extracted from the cell walls of several strains were compared. The latter analysis was facilitated by the availability of a ␤-1,2-oligomannoside ladder. This ladder allowed us, for the first time, to unambiguously assign identities to the bands in the gel. Finally, we addressed a major question that remained from our initial reports: what changes, if any, occur in the acid-stable mannan with changes in cell surface hydrophobicity status? Our current results support and extend our previous conclusions that cell wall protein glycosylation differences between hydrophobic and hydrophilic cells are confined to the acid-labile ␤-1,2-oligomannosides and that this condition is common to all strains studied thus far. In addition, the presence of ␤-1,2-linked mannose units in the acid-stable branches of serotype A mannoproteins correlate with both oligomannoside electrophoretic profile and cell surface hydrophobicity differences between the serotypes. These results suggest that regulation of cell surface hydrophobicity status is linked to subtle changes in wall protein glycosylation.
MATERIALS AND METHODS
Strains and culture conditions. All studies were conducted with C. albicans. Strain A9 is serotype B and was obtained from Richard Calderone at Georgetown University. The strain is one of several originally isolated from the oral cavities of AIDS patients by Philip Smith of the National Institute of Dental Research, Bethesda, Md. (56) . LGH1095 (ATCC MYA-2719) is a serotype B clinical isolate from Lafayette General Hospital, Lafayette, La., and has been described previously (21) . SC5314 is a serotype A strain originally obtained from a patient with disseminated candidiasis (10) . B311 was obtained from the American Type Culture Collection (ATCC 32354) and is serotype A.
All strains were maintained as frozen stocks (Ϫ80°C) in 100 mM sucrose-2 mM ZnSO 4 (17) . Yeast cells from frozen stocks were subcultured three times in yeast nitrogen base (Difco) buffered with 0.055 M sodium phosphate, pH 7.2, and supplemented with 2% (wt/vol) glucose.
Cell surface hydrophobicity. Cell surface hydrophobicity was measured by the hydrophobic microsphere assay developed in our laboratory (14, 20) . Washed cells were suspended in cold 0.05 M sodium phosphate buffer (pH 7.2) to a concentration of 2 ϫ 10 6 cells ml Ϫ1 . From a stock 10% solids suspension of polystyrene microspheres (0.825-m diameter; Bangs Laboratories), 6 l was removed and added to 2 ml of buffer. Equal volumes (100 l) of the cell and microsphere suspensions were combined in polycarbonate tubes, rapidly equilibrated to room temperature, and mixed in a vortex mixer for 30 s. Microsphere attachment was assessed by bright-field microscopy at 400ϫ magnification. The percentage of cells with three or more attached spheres was recorded as the percent hydrophobicity.
Mannoprotein preparation. Glycans (glucan and mannoprotein) were extracted from the cell wall with a protocol based on that of Peat et al. (40) and described previously (34) . The previously described protocol was modified so that cells were not dried with acetone. The washed cell pellet was immediately suspended in 50 ml of distilled H 2 O, and the cell suspension was autoclaved at 121°C for 90 min. Mannoprotein was separated from glucan with a previously described differential precipitation strategy based on that of Lloyd (32, 33) .
Biochemical assays. Prior to compositional analysis, samples of purified mannoprotein were dried to constant mass, then dissolved in distilled H 2 O to 10 mg ml Ϫ1 . Hexose content was determined by the phenol-sulfuric acid method of Dubois et al. (8) . Sample absorbances were compared to a mannose standard curve. Protein concentration was determined by the bicinchoninic acid assay (BCA; Pierce Chemical) (48) . Bovine serum albumin was used as the standard protein to generate a standard curve. Phosphate was determined with the method of Ames and Dubin (1) with K 2 HPO 4 to make a standard curve and D-glucose-6-phosphate as the control. Oligosaccharide concentration was determined by measuring the concentration of reducing ends as reported by Dygert et al. (9) . This assay detects reducing sugars under conditions mild enough that oligosaccharides are not degraded into their monosaccharide components. Composition results were compared by analysis of variance, with a significance level of ␣ ϭ 0.05.
Fractionation of mannan. For acid-labile mannan, the phosphodiester-linked acid-labile oligomannosides were released with a method modified from that of Okubo et al. (37) . Purified mannoprotein was dissolved (10 mg ml Ϫ1 ) in 10 mM HCl and heated in a boiling water bath for 60 min. The solution was neutralized with 1 N NaOH, and the acid-stable mannoprotein remnant was separated by precipitation with 3 volumes of ice-cold absolute ethanol. Precipitation was continued overnight at Ϫ20°C. Precipitates were pelleted by centrifugation at 10,000 ϫ g for 10 min. The supernatant fluid containing the acid-labile mannan was removed, dried by lyophilization, dissolved in distilled H 2 O, and stored at Ϫ20°C.
Acetolysis. Several variations of the general procedure have appeared in the literature over the years. We adapted a consensus procedure that fit both our scale of preparation and the glassware and equipment at hand in the laboratory or readily available commercially. In general, the strategy followed the mild conditions described by Suzuki et al. (30) , under which the ␣-1,6-glycosidic bonds linking the outer chain backbone are preferentially cleaved and the side branches are released intact. The mannoprotein pellet from the step above was dissolved in 2 ml of formamide (24, 38, 55) with mild heating (30 to 35°C). The alcohol groups were then acetylated by the addition of 5 ml of pyridine and 5 ml of acetic anhydride, and incubating for 18 h at 40°C in a sand bath. This reaction was carried out in a 50-ml Pyrex screw-top tube. Acetates were precipitated by pouring into 5 volumes (50 ml) of distilled H 2 O, followed by centrifugation at 3,000 ϫ g for 10 min. The supernatant fluid was removed and discarded. Pellets were washed once with 5 ml of distilled H 2 O and dried to a dark brown glass by heating for 5 h in a sand bath at 40°C under a gentle stream of nitrogen.
The dried acetates underwent acetolysis as follows: the pellets were dissolved in 5 ml of acetic anhydride, 5 ml of acetic acid-sulfuric acid (100:1) was added, and the mixture was incubated at 40°C for 36 to 40 h in a sand bath. Acetolysates were poured over a minimal volume of wet ice, and the solution was extracted twice with an equal volume of chloroform. The chloroform extract was separated from the aqueous phase with a separatory funnel, and the chloroform was removed with a rotary evaporator. The remaining residue was dried to completion under a gentle stream of nitrogen gas. Deacetylation was carried out by dissolving the dried material in 10 ml of methanol and raising the pH to alkaline with methanolic sodium methoxide. The solution was allowed to stand at room temperature for 20 min, during which time the deacetylated acetolysates precipitated. The samples were neutralized with glacial acetic acid and then centrifuged at 3,000 ϫ g for 10 min. The pellets were washed twice with 5 ml of methanol, dissolved in 2 ml of distilled H 2 O, and stored at Ϫ20°C.
Labeling with fluorophore. The reducing ends of acid-labile oligosaccharides and acid-stable acetolysates were measured as described above. Aliquots were drawn from each sample so that equivalent moles of oligosaccharides could be compared. These aliquots were then dried in a centrifugal vacuum evaporator (Virtis) and dissolved in 5 l of acetic acid (5%) containing 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS, 0.15 M). Sodium cyanoborohydride (5 l of a 1 M solution in dimethyl sulfoxide) was added, and the solutions were incubated at 37°C overnight. Labeled samples were dried in a centrifugal vacuum evaporator and stored at Ϫ20°C until use. Labeled and dried samples were then dissolved in distilled H 2 O to give 2 nmol of reducing ends per 10 l.
FIG. 1.
Simplified schematic of C. albicans N-linked glycans. The Man 8 core group is attached to the asparagine through two N-acetylglucosamine residues (grey squares). The acid-stable fraction consists of the extended outer chain decorated with ␣-1,2-and ␣-1,3-linked oligomannoside branches (grey circles). Acid-labile oligomannosides are linked to the acid-stable branches through a phosphodiester (P), n ϭ 1 to 14. The ␤-1,2-linked mannose units in the acid-stable region are present only in serotype A strains.
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Dextran (␣-1,6-glucose; Fluka 31391), maltooligosaccharides (␣-1,4-glucose; Sigma M-3639), and ␤-1,4-oligomannosides (V-Labs) were used as electrophoretic mobility markers. Dextran was subjected to acid hydrolysis prior to labeling (57) . ␤-1,2-Oligomannosides were provided by Bert Fraser-Reid and coworkers (Natural Products and Glycotechnology Research Institute, Durham, N.C.) (35) .
FACE. Fluorophore-assisted carbohydrate electrophoresis (FACE) was performed essentially as described by Jackson (26) and modified by Goins and Cutler (11) . Because the cleanliness of the glass plates is critical to satisfactory gels, the plates were soaked in 10% (wt/vol) methanolic KOH, washed with detergent (7X, ICN), rinsed with deionized water, and finally rinsed with 95% ethanol. Electrophoresis was carried out in a Hoeffer SE600 gel electrophoresis apparatus (Amersham) cooled to 4°C with a recirculating water bath. Gels were run at 600 V for 4 to 6 h or until the ANTS front reached 1 cm from the bottom of the gel, and then imaged with a Kodak EDAS 290 system containing a DC290 digital camera and UV transilluminator (302 nm). Image contrast and brightness were optimized with Photoshop 7.0 (Adobe).
RESULTS
Comparison of cell surface hydrophobicity and cell wall composition. Both serotype B strains, A9 and LGH1095, were highly hydrophobic at 23°C and highly hydrophilic at 37°C ( Table 1 ). The serotype A strains, SC5314 and B311, were also highly hydrophobic at 23°C but remained moderately hydrophobic at 37°C. This characteristic of strain B311 has been observed previously (13) . Assay of additional serotype A (ATCC 10231) and serotype B (LGH870) strains confirmed the observed cell surface hydrophobicity expression differences (data not shown).
Protein, hexose, and phosphate contents were determined for all four strains ( Table 1 ). The protein and hexose percentages for strain A9 were consistent with previously published results (34) . Phosphate percentages for all strains examined and both growth conditions were higher than have been reported (12, 31, 34, 37, 44, 45) , ranging from 0 to 2.4% depending on the strain and growth conditions. Analysis of variance comparisons were carried out across cell surface hydrophobicity status, serotype, and strain. A second difference from our previous report (34) was that comparison of individual components indicated a difference in phosphate content between hydrophobic and hydrophilic cells of strains A9 (P ϭ 0.001) and LGH1095 (P ϭ 0.03). This difference was not observed for the serotype A strains (B311 and SC5314). Similarly, as was previously observed for A9, none of the strains tested showed differences in protein or hexose composition between hydrophobic and hydrophilic cells. When the composition results were compared by serotype, the only difference observed was the phosphate content of hydrophilic cells. This was also the only parameter to show a difference between strains. Subsequent analysis of the analysis of variance results with Bonferroni post hoc tests indicated that in both cases the statistical result was due to differences between B311 and A9. Overall, however, there appeared to be no gross difference in mannan composition among the four C. albicans strains under investigation.
Comparison of acid-labile mannan from A and B serotype strains. Acid-labile mannan from hydrophilic and hydrophobic cells was extracted and fluorescently labeled, and the components were separated electrophoretically (Fig. 2) . The results for strain A9 match those reported earlier (34) . Acid-labile mannan from hydrophobic cells contains longer oligosaccharides than that from hydrophilic cells. Because these previously published results were conducted with a single wild-type strain, we extended our analysis of acid-labile mannan to another serotype B strain, LGH1095, and two serotype A strains, SC5314 and B311. There were some strain-specific qualities to the electrophoretic profiles. For example, acid-labile mannan from hydrophilic LGH1095 and B311 cells contains longer oligosaccharides than the corresponding fractions from A9 and SC5314. However, the overall comparison between hydrophobic and hydrophilic cells remained as was previously published: acid-labile mannan from hydrophobic cells contains longer chains that that from hydrophilic cells. Furthermore, the results indicated that this characteristic is independent of serotype (Fig. 2) .
Assignment of acid-labile mannan component identity. Synthetic ␤-1,2-oligomannosides were labeled with ANTS, and their electrophoretic mobilities were compared to that of acidlabile mannan released from C. albicans mannoprotein (Fig.  3) . This comparison confirmed that ␤-1,2-oligomannosides have a different electrophoretic mobility than ␤-1,4-oligomannosides. Furthermore, the comparison confirmed that our sample preparation produced acid-labile mannan containing only ␤-1,2-oligomannosides, free of any contaminant.
Comparison of acid-stable mannan from hydrophilic and hydrophobic yeast cells. Acid-stable mannan from hydrophobic and hydrophilic C. albicans yeast cells of both serotypes was subjected to acetolysis under mild conditions that preferentially cleave the more labile ␣-1,6-bonds joining the backbone sugars ( Fig. 1) (30, 39) . Compared to acetolysates prepared with a higher sulfuric acid concentration (acetic acid-acetic anhydride-sulfuric acid, 10:10:1), the milder conditions (100: 100:1) produced longer oligosaccharides (27, 30) (data not Fig. 4 . The relatively greater intensity of bands in the A9 hydrophobic cell sample over the hydrophilic cell sample resulted from slight differences in loading enhanced by the high sensitivity of fluorescence detection in FACE. While other replicate gels did not show this disparity in A9 band intensity, the gel used for Fig. 4 most clearly showed the resolution of bands in the upper part of the gel.
In general, no differences in the electrophoretic profiles between hydrophilic and hydrophobic cells were seen regardless of serotype. Several specific differences were evident with regard to the electrophoretic profiles of acid-stable mannan acetolysates. Mannan from serotype A cells (SC5314 and B311) contained more of the smaller branches than mannan from serotype B cells (A9 and LGH1095). Also, a few bands in the very-low-molecular-weight range appeared to show changes in mobility between hydrophobic and hydrophilic cells, perhaps due to alterations in chain structure, but these were not present in all strains. Other bands, migrating at an ␣-1,4-oligoglucoside degree of polymerization of approximately 4.5 and 5.5, appear more pronounced in mannoprotein from hydrophobic cells but were not present in all strains (Fig. 4, arrows) .
DISCUSSION
Taken together, these results demonstrate that the only significant difference between mannoprotein from hydrophobic and hydrophilic cells is in the acid-labile component (33, 34) . There was no overall difference in protein, hexose, or phosphate composition of mannoproteins extracted from hydrophobic versus hydrophilic yeast cells (Table 1 ). The sum of these three components accounted for 84.2 to 92.8% of the dried mannoprotein mass. Because the mannoprotein samples were dried to constant mass prior to analysis, it is unlikely that the remaining mass is due to residual water. A more likely candidate is lipid, specifically the phospholipomannan described by Trinel et al. (51) .
The mannoprotein preparations described in earlier reports by us and others included an initial step of drying in acetone, which may have unintentionally extracted releasable lipid wall components. The oligomannoside component of phospholipomannan (PLM) would cause any PLM released during hot water extraction of cell wall glycans to cofractionate with the mannoprotein. Thus, the presence of PLM in the samples would not only provide at least some of the residual mass of the dried samples but also explain the higher phosphate content measured in the samples here. We consider the phosphate data valid because the assay was internally consistent. The potassium phosphate standard curve was linear over the range in which the experimental samples were measured, and a standard solution of glucose 6-phosphate was measured to within 1% of the expected value. In addition to the compositional analyses, we extended our previous results by comparing the acid-labile mannan from hydrophobic and hydrophilic cells of several strains. As was expected, based on our current understanding of C. albicans N-glycans, the difference in acid-labile mannan between hydrophobic and hydrophilic cells held true for all strains tested; acid-labile mannan from hydrophobic cells contained longer oligosaccharides than that from hydrophilic cells (Fig. 2) . This difference was independent of serotype. As observed previously, the degree of polymerization of clearly visible acid-labile branches reached 10 to 11 units in some cases. The longest acid-labile oligosaccharide described by Suzuki's group was seven (28, 46, 47) , however, Trinel et al. reported acid-labile ␤-1,2-oligomannosides up to 14 units in length (52) .
An issue left unresolved from previous studies was confirmation of the identity of the bands observed in the acid-labile fraction. The studies conducted on C. albicans mannoproteins by Suzuki and coworkers used fractionated mannan for the express purpose of component structure identification by nuclear magnetic resonance. Since we subjected our mannoprotein samples to the same treatment they did and they saw only ␤-1,2-oligomannosides in the acid-labile fraction, we assumed that our acid-labile fractions contained only the ␤-1,2-oligomannosides as well. However, we had to consider the possibility that that was not the case, since most bands did not comigrate with the ␤-1,4-oligomannose standards as we expected they would. Fraser-Reid and coworkers were able to synthesize ␤-1,2-oligomannosides without a reducing-end conjugate. Thus, these oligosaccharides could be labeled with ANTS and compared directly to our acid-labile samples by FACE. This allowed unambiguous identification of the bands in acid-labile mannan samples and confirmed that the acid-labile fraction comprises only ␤-1,2-oligomannosides (Fig. 3) .
The comparisons of mannan elemental composition presented both here and previously showed no obvious differences between samples from hydrophilic and hydrophobic yeast cells. However, differences in oligosaccharide distribution would not be apparent from these comparisons. That is, the elemental composition analyses only reveal the kind and amount of the components, not how they are assembled. Acid-stable mannan from hydrophobic and hydrophilic cells could differ in how the monosaccharides are arranged into a complete glycan. However, analysis of the acetolysates of the acid-stable regions revealed no common differences among strains between hydrophobic and hydrophilic cells.
Differences were seen, however, between mannan from serotype A and serotype B cells. The fluorescent signal from the smaller acetolysates from serotype A cell mannan was much more intense than that from serotype B mannan, suggesting that serotype A acid-stable mannan is biased towards having these shorter side chains. This seems contradictory to what would be predicted based on the molar ratios reported by Suzuki and coworkers for side chain composition. These molar ratios suggest that the serotype B strains would have more of the shorter groups and the serotype A strains would have more of the longer groups (27, 28, 31, 46) . In addition, the longest side chain reported by Suzuki and coworkers was eight units in length (29) . If each successive band up the length of the gel represents an incremental increase in degree of polymerization, then each sample clearly had oligosaccharides 10 units or longer. One explanation for this observation is that the acetolysis was incomplete. This would mean that some side chains were still connected to each other through the ␣-1,6-linked oligomannoside backbone and would migrate as a larger species.
However, another explanation for both of the seemingly contradictory observations has presented itself. We and others have noted that linkage position and anomericity have an effect on electrophoretic mobility (7, 25, 34) , so that a heterogenous oligomannoside (in terms of linkage position and anomericity) will likely migrate at a different rate than a homogenous oligomannoside of equivalent length. This migration variability does not seem to occur with chromatographic separations. For example, the chromatographic peaks identified by Kobayashi et al. (27, 30) contained oligomannosides with more than one structure. Enzymatic or chemical treatments were required to differentiate the separate structures of the same degree of polymerization. Thus, it is possible that the band intensity in serotype A acetolysate samples at the lower end of the gel is due not to an increase in a single species but to comigration of two or more species of slightly different structure. At the other end of the gel, bands that at first seem to have a degree of polymerization of 12 to 14 may be shorter chains that have decreased mobility due to their specific composition.
We have now compared the two main components (acid labile and acid stable) of N-linked glycans from hydrophobic and hydrophilic C. albicans cells of both serotypes. We compared overall composition in terms of protein and hexose. We also directly compared the side chains present in the most easily removed N-glycan subcomponent, the acid-labile mannan, and those released by fragmentation of the acid-stable mannan outer chain backbone by acetolysis. The results of these comparisons support our previous conclusions that only the acid-labile mannan differs significantly between N-glycans from hydrophobic and hydrophilic cells.
The reason that serotype A cells are unable to exhibit similar extreme levels of hydrophilicity as serotype B cells is unclear. However, if the assumption is made that the different serotype strains produce similar levels of acid-labile groups in their mannan, then the presence of ␤-1,2-oligomannosides in the acid-stable mannan may have an effect on the ability to exhibit high levels of hydrophilicity. We have speculated that ␤-1,2-oligomannosides form a tight, inflexible helix that has a hydrophobic face (34) . Such a structure would facilitate interactions between other ␤-1,2-oligomannoside groups or perhaps between the glycan and hydrophobic protein sequences, thus altering fibril protein structure (34) . It may be that the additional ␤-1,2-linked mannose groups in the acid-stable mannan of serotype A cells increases these interactions and does not allow complete extension of the fibril proteins. This would prevent complete masking of the underlying hydrophobic proteins.
Testing this hypothesis through comparison of serotype A and B cells by freeze-fracture, freeze-etch electron microscopy remains to be completed. Nevertheless, the results of our studies thus far indicate that regulation of ␤-1,2-mannosyltransferase activity, particularly that involved in acid-labile mannan synthesis, is one mechanism by which the cell surface hydrophobicity status of C. albicans cells is determined and consequently affects the relative pathogenicity of serotype A and B strains in immunocompromised patients.
